The thermodynamic behavior of asphalt mixtures is critical to the engineers since it directly relates to the damage in asphalt mixtures. However, most of the current research of the freeze-thaw damage of asphalt mixtures is focused on the bulk body from the macroscale and lacks a fundamental understanding of the thermodynamic behaviors of asphalt mixtures from the microscale perspective. In this paper, to identify the important thermodynamic behaviors of asphalt mixtures under freeze-thaw loading cycle, the information entropy theory, an X-ray computerized tomography (CT) scanner and digital image processing technology are employed. The voids, the average size of the voids, the connected porosity, and the void number are extracted according to the scanned images. Based on the experiments and the CT scanned images, the information entropy evolution of the asphalt mixtures under different freeze-thaw cycles is calculated and the relationship between the change of information entropy and the pore structure characteristics is established. Then, the influences of different freezing and thawing conditions on the thermodynamic behaviors of asphalt mixtures are compared. The combination of information entropy theory and CT scanning technique proposed in this paper provides an innovative approach to investigate the thermodynamics behaviors of asphalt mixtures and a new way to analyze the freeze-thaw damage in asphalt mixtures.
Introduction
Asphalt mixture, which is one of the most widely used pavement materials, is a viscoelastic material that is very sensitive to the external environmental conditions [1, 2] . Changes in the weather conditions, such as the alternation of freezing and thawing cycles may alter the internal structure and may consequently result in the initial damage of asphalt pavement [3, 4] . Therefore, to study the distress initiation and development in asphalt pavement with freeze-thaw (F-T) actions, the determination of initiation and development of damage inside asphalt mixture needs to be firstly explored. F-T damage is one of the most serious distresses in asphalt mixtures. The difficulty associated with the identification of F-T damage in asphalt mixtures at different scales has significantly hindered the analysis on the comparison of macro-scale properties (such as strength, modulus, and macro-scale air voids content) before and after F-T cycles in asphalt pavement design. Nevertheless, consider the importance of this kind of distress, the influence of F-T action on the degradation of asphalt pavements has been analyzed Table 1 . The properties of the asphalt.
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Test Values Requirement
Penetration 25 • C, 5 s, 100 g, (0.1 mm) 86.2 80~100 Softening point/(T/ • C) 46.2 >45 Ductility/(cm) >100 >100 For damage analysis, in total, 16 specimens were conditioned under F-T experiments with four replicates for each condition, as illustrated in Table 4 . Two F-T experiment procedures were adopted to analyze the effect of environmental condition on the F-T damage in asphalt mixtures. The control group labeled by "T-1" indicated that the samples were firstly placed in the moisture and vacuum saturated with 98 kPa residual pressure for 15 min, then put into a refrigerator to be frozen in the air for 16 h with an ambient temperature of −18 °C, and finally thawed in the moisture at 20 °C for 12 h. Unlike the samples conditioned with moisture in T-1, "T-2" referred to the sample conditioned in the humid air. In T-2 test procedure, the specimens were placed in an environment chamber with the 20 °C of air temperature and relative humidity of 90% for 15 days before the first F-T cycle to make a uniform initial humidity field. Then, the samples were placed in the air with a temperature of −18 °C for 16 h and thawed in a relative humidity of 90% for 12 h. For damage analysis, in total, 16 specimens were conditioned under F-T experiments with four replicates for each condition, as illustrated in Table 4 . Two F-T experiment procedures were adopted to analyze the effect of environmental condition on the F-T damage in asphalt mixtures. The control group labeled by "T-1" indicated that the samples were firstly placed in the moisture and vacuum saturated with 98 kPa residual pressure for 15 min, then put into a refrigerator to be frozen in the air for 16 h with an ambient temperature of −18 • C, and finally thawed in the moisture at 20 • C for 12 h. Unlike the samples conditioned with moisture in T-1, "T-2" referred to the sample conditioned in the humid air. In T-2 test procedure, the specimens were placed in an environment chamber with the 20 • C of air temperature and relative humidity of 90% for 15 days before the first F-T cycle to make a uniform initial humidity field. Then, the samples were placed in the air with a temperature of −18 • C for 16 h and thawed in a relative humidity of 90% for 12 h. To understand the F-T damage from micro scale, specimens were scanned before the F-T tests to investigate the initial pore structure. Then the samples were subjected to 18 successive F-T cycles under two different conditions. After 3, 6, 9, 12, 15, and 18 F-T cycles, damaged samples were rescanned to capture the changes in pore structure by using X-ray CT.
X-ray Scanning and Internal Structure Extraction
The samples were scanned before and after F-T test with a compact X-ray mini-focus computed tomography (CT) system (GE, Phoenix X-ray, Hannover, Lower Saxony, Germany) for 2D X-ray inspection and 3D CT at a voltage of 180 kV, and an X-ray tube current of 100 mA and with a horizontal resolution of 0.015 mm/pixel. The asphalt mixture specimens were scanned horizontally with a slice interval of 0.064 mm and a field view of 110 mm by 110 mm. The pixel resolution of images was 72 ppi. The sample vertical axis was paralleled to the rotation axis of the scanning gantry. The captured X-ray CT images were preprocessed before three dimensional reconstruction of the microstructure of sample, including image quality improvement, noise filtering, and extraction of interest object. All the procedures were carried out by utilizing a commonly used image processing software, namely VG Studio (Volume Graphics, Hedelberg, Baden Wurttemberg, Germany). The overall void content error measured by CT is around 5%. In consideration of the moisture swell during freezing process, image slices were obtained with the numerical algorithm suggested by Hassan et al. [12] to guarantee that the slice images acquired at different times were exactly at the same position.
The pore size and morphology and connectivity of the pore space were the fundamental characteristics of internal structure of asphalt mixtures that controlled asphalt mixture properties [13] [14] [15] . As suggested by Masad et al., Hassan et al., and Shaheen et al. [12, 16, 17] , a limited set of geometric descriptors could be used to depict the complex structure of asphalt mixtures. The common used geometric descriptors were: (i) void content; (ii) number of void; (iii) void diameter; and (iv) connective void content, which characterized the connectivity among pores and the branching of pores, that was, the number of pore channels.
In this analysis, the variation in the pore structure indexes of asphalt mixture samples were quantitatively discussed along the height direction by the (connective) void content, void diameter, and void number. The algorithm developed by Kutay et al. [18] for the calculation of pore structure characteristics in asphalt mixtures was employed in this work. The calculation accuracy of the above mentioned parameters has been verified by Xu et al. [5] , and therefore applied in this analysis.
Information Entropy Analysis from X-ray CT Image
F-T damage in pavements is an energy exchange process with the external environment and results in changes to the thermodynamic entropy of asphalt mixtures. However, thermodynamic entropy is difficult to measure quantitatively and directly by using macro-scale experimental analysis. Meanwhile, information entropy, also named as Shannon entropy, is a mathematical measure about the randomness degree in one set of data. A greater randomness means the higher entropy, and greater predictability always means the lower entropy. If the thermodynamic system of asphalt mixtures was taken as a specific information system, the micro-scale distribution of molecules in the system corresponded to a possible information event, and all the micro-scale distribution of Entropy 2018, 20, 68 5 of 13 molecules constituted the macroscopic property of information. Therefore, the information entropy was essentially the same as the thermodynamic entropy.
Energy exchanges between the material and outside results in material damage. The change of energy parameters can directly reflect the energy change of materials. Material damage and energy changes have certain nonlinear characteristics, and information entropy has these characteristics [19] . Information entropy analysis has been widely used in civil engineering area. Van Siclen [20] pointed out that the information entropy function provided a sensitive measurement of the complexity of a multi-component materials system from both micro-and macro-scales. Bao et al. [21] treated cracked concrete structures as dissipative structures and investigated the relation between the propagation of cracks and the information entropy in concrete structures by using micro-scale experimental and numerical analysis. Su et al. [22] analyzed the structure reliability of concrete-faced rockfill dams (CFRD) by combining finite element method with the theory of information entropy, in which, information entropy was adopted to represent the reliability of CFRD. Regarding asphalt mixtures, Zhang et al. [23] introduced information entropy into the determination of damage degree of asphalt mortar in various moisture conditions utilizing CT images, and the feasibility of the novel method was verified by experimental results. Therefore, the information entropy is adopted in our analysis and calculated from the collected images following Equation (1):
where H is the information entropy from CT images; and P i represents the proportion of pixels of i in the whole range of the gray level in X-ray CT images. The calculation algorithm proposed by Zhang et al. [23] was adopted. And in this research, information entropy was calculated using MATLAB (MathWorks, Natick, MA, USA).
Results and Discussion
Thermodynamic Behaviors of Asphalt Mixtures under F-T Cycles
Pore Structure Degradation under F-T Cycles
The variation of pore structure characteristics for AC and OGFC mixtures with various F-T cycles in T-1 test procedure were analyzed by utilizing X-ray CT images, as demonstrated in Figures 2  and 3 . A random sample of each asphalt mixture was taken for scanning. The variations in pore structure characteristics were analyzed from the curves by averaging the characteristics along the height direction with an interval of 3 mm. The average pore structure characteristics at the 10-50 mm depth are also listed in Tables 5 and 6 to quantitatively demonstrate the effect of F-T cycles on the pore structure in asphalt mixtures. Note that our current experiments were relevant to [24, 25] , where the cracking mechanism can be investigated in future studies.
The curves shown in Figures 2 and 3 clearly demonstrate similar trends for AC and OGFC mixtures under F-T action. Hence, in this section, the AC mixtures were taken as an example to explain the degradation of pore structure with F-T cycles. Figure 2a -c shows the degradation of (connective) void content and void number under F-T cycles for AC mixtures. A monotonically increase of the three parameters was observed with the F-T cycles increasing. Because the air voids are more uniform in the height of 10-50 mm, the mean of each parameter in this range is analyzed. Compared with that of 2.8% in the controlled case without F-T action, the average void content increased to 6.4% after 18 F-T cycles. Similarly, the percentage of the total void space had been increased to 64% possessed by the connective air void, suggesting the aggregation of voids. The F-T loading action also boosted the number of voids from 358 to 704, indicating the new voids formation under F-T action.
The degradation of void diameter under F-T cycles was shown in Figure 2d . At the first three F-T cycles, the void diameter decreased sharply. This phenomenon clearly indicated the dominant The CT images of the pore structure at the depth 48 mm in sample is shown in Figures 4 and 5 . The degradation characteristics illustrated in these images fitted well with previously depicted findings listed above. For instance, new voids were formed in the middle part of sample under F-T action. The F-T cycles also made existing void dilate to form micro crack and aggravated the damage in asphalt mixtures. The CT images of the pore structure at the depth 48 mm in sample is shown in Figures 4 and 5 . The degradation characteristics illustrated in these images fitted well with previously depicted findings listed above. For instance, new voids were formed in the middle part of sample under F-T action. The F-T cycles also made existing void dilate to form micro crack and aggravated the damage in asphalt mixtures. 
Information Entropy Evolution of Asphalt Mixtures under F-T Cycles
This section analyzes the information entropy in AC and OGFC mixtures during F-T actions and compared the results with the micro-scale pore structure evolution to examine the possibility in the F-T damage evaluation. Figure 6 presents the distribution of information entropy for AC and OGFC mixtures exposed to F-T cycles. The average information entropy for the samples at the 10-50 mm depth is listed in Table 7 . The CT images of the pore structure at the depth 48 mm in sample is shown in Figures 4 and 5 . The degradation characteristics illustrated in these images fitted well with previously depicted findings listed above. For instance, new voids were formed in the middle part of sample under F-T action. The F-T cycles also made existing void dilate to form micro crack and aggravated the damage in asphalt mixtures.
(a) 0 F-T cycles (b) 6 F-T cycles (c) 9 F-T cycles (d) 12 F-T cycles (e) 18 F-T cycles 
This section analyzes the information entropy in AC and OGFC mixtures during F-T actions and compared the results with the micro-scale pore structure evolution to examine the possibility in the F-T damage evaluation. Figure 6 presents the distribution of information entropy for AC and OGFC mixtures exposed to F-T cycles. The average information entropy for the samples at the 10-50 mm depth is listed in Table 7 .
(a) AC mixtures 
As illustrated in Figure 6 , AC and OGFC mixtures shows increased information entropy with increasing F-T cycles at the initial phase of the experiment. A high information entropy always indicated a more severe debonding between asphalt and aggregate in asphalt mixtures as proposed by Zhang et al. [20, 21, 23] . Figure 6 shows that the information entropy of AC increased by 6.5% and OGFC increased by 17.4% with the F-T cycle increasing from 0 to 9. This phenomenon suggested that F-T action increased the degree of disorder of the aggregate-asphalt adhesion system and destroyed the adhesion between asphalt and aggregate which stripped the asphalt from the aggregate surface and resulted in the formation of new voids. The CT images of the pore structure at the depth 48 mm in sample is shown in Figures 4 and 5 . The degradation characteristics illustrated in these images fitted well with previously depicted findings listed above. For instance, new voids were formed in the middle part of sample under F-T action. The F-T cycles also made existing void dilate to form micro crack and aggravated the damage in asphalt mixtures. 
(a) AC mixtures As illustrated in Figure 6 , AC and OGFC mixtures shows increased information entropy with increasing F-T cycles at the initial phase of the experiment. A high information entropy always indicated a more severe debonding between asphalt and aggregate in asphalt mixtures as proposed by Zhang et al. [20, 21, 23] . Figure 6 shows that the information entropy of AC increased by 6.5% and OGFC increased by 17.4% with the F-T cycle increasing from 0 to 9. This phenomenon suggested that F-T action increased the degree of disorder of the aggregate-asphalt adhesion system and destroyed the adhesion between asphalt and aggregate which stripped the asphalt from the aggregate surface and resulted in the formation of new voids.
After the 9th F-T cycle, the information entropy significantly decreased. Compared with that of the 9 F-T cycle, the information entropy was reduced by 13.6% after the 18th F-T cycle. The sharp reduction of information entropy of the CT images meant the reduction of system disorder and the release of internal energy. Thus, this result indicated the existing voids coalescing with new voids and the formation of micro crack under F-T cycles. As a result of the formation of micro-crack, the energy accumulated in asphalt mixture by F-T cycles was released and the system disorder was consequently reduced.
Interestingly, the results derived from information entropy fitted well with the measured data shown in Figures 4 and 5 . New voids could be easily observed by comparing the CT image after the 6th F-T cycle with that after the 9th F-T cycle. And a significant void coalescing existed and some micro crack could be seen clearly from the image captured after the 12nd F-T cycle (Figures 4c and 5c ). In conclusion, the comparison of the results by information entropy analysis and pore structure analysis derived from CT images validated the accuracy and possibility of information entropy in the quantitative determination of F-T damage in asphalt mixtures. The information entropy was also used in the analysis in the next sections.
Effect of Test Conditions on the F-T Damage Propagation in Asphalt Mixtures
Test conditions are obviously one of the most important factors that affect the asphalt mixture F-T degradation [9, 26, 27] . Although most of previous studies were focused on the F-T analysis in asphalt mixtures with water, the non-negligible effect of vapor diffusion on the moisture induced damage in cold and drought regions gradually draw researchers' attention [28] [29] [30] . Thus, a comparative After the 9th F-T cycle, the information entropy significantly decreased. Compared with that of the 9 F-T cycle, the information entropy was reduced by 13.6% after the 18th F-T cycle. The sharp reduction of information entropy of the CT images meant the reduction of system disorder and the release of internal energy. Thus, this result indicated the existing voids coalescing with new voids and the formation of micro crack under F-T cycles. As a result of the formation of micro-crack, the energy accumulated in asphalt mixture by F-T cycles was released and the system disorder was consequently reduced.
Test conditions are obviously one of the most important factors that affect the asphalt mixture F-T degradation [9, 26, 27] . Although most of previous studies were focused on the F-T analysis in asphalt mixtures with water, the non-negligible effect of vapor diffusion on the moisture induced damage in cold and drought regions gradually draw researchers' attention [28] [29] [30] . Thus, a comparative discussion of two experimental conditions is presented in this part. As shown in Table 1 , the specimens in the first test group were treated by water. The second test was set with a relative humidity of 90% with freezing in the air. Figure 7 shows the comparison of the information entropy derived from X-ray CT at the 10-50 mm depth with various experimental conditions and F-T cycles.
However, a parabola going downward existed in the curve of the samples treated by. This phenomenon indicated the differences of failure mechanism of asphalt mixtures between the two experimental conditions. Clearly, new void formation at the initial stage and void expansion and coalescing after the initial stage was the essential reason for the F-T failure of asphalt mixtures with the water condition, while new void formation at the asphalt-aggregate interface and not void coalescence played a predominant role on the F-T damage in the humid environment. Therefore, the F-T rebellion of asphalt pavements should be optimized in respect of its service environment. 
Conclusions
To understand the fundamental thermodynamic behaviors of asphalt mixtures under F-T cycles, information entropy theory, an CT scanner and digital image processing technology were employed in the analysis. Changes in void structure of asphalt mixtures were captured by X-ray CT before and after F-T test. Based on the F-T experiments and the CT scanned images, the information entropy evolution of the asphalt mixtures under different F-T cycles was calculated and the relationship between the For the information entropy derived from X-ray CT (Figure 7 ) data, the curves for the AC and OGFC mixtures illustrated a similar trend under the two experimental conditions and F-T cycles. The curves of the specimens conditioned in a relative humidity of 90% increased monotonically with the F-T cycles. However, a parabola going downward existed in the curve of the samples treated by. This phenomenon indicated the differences of failure mechanism of asphalt mixtures between the two experimental conditions. Clearly, new void formation at the initial stage and void expansion and coalescing after the initial stage was the essential reason for the F-T failure of asphalt mixtures with the water condition, while new void formation at the asphalt-aggregate interface and not void coalescence played a predominant role on the F-T damage in the humid environment. Therefore, the F-T rebellion of asphalt pavements should be optimized in respect of its service environment.
To understand the fundamental thermodynamic behaviors of asphalt mixtures under F-T cycles, information entropy theory, an CT scanner and digital image processing technology were employed in the analysis. Changes in void structure of asphalt mixtures were captured by X-ray CT before and after F-T test. Based on the F-T experiments and the CT scanned images, the information entropy evolution of the asphalt mixtures under different F-T cycles was calculated and the relationship between the change of information entropy and the pore structure characteristics were discussed. The results illustrated the possibility of information entropy in the quantitative determination of F-T damage in asphalt mixtures.
Based on the limited F-T cycles, the information entropy evolution in two kinds of asphalt mixtures was analyzed. Interestingly, AC and OGFC mixtures showed increased information entropy with the increase in the number of F-T cycles during the initial stages of the test, suggesting that F-T action increased the degree of disorder of the aggregate-asphalt adhesion system and destroyed the adhesion between asphalt and aggregate. After the 9th F-T cycle, the information entropy significantly decreased, which indicated the existing voids coalescing with new voids and the formation of micro cracks during the F-T cycles.
Information entropy was also adopted to analyze the effect of test conditions on the F-T damage propagation in asphalt mixtures. A significant difference of failure mechanism existed in the asphalt mixtures conditioned by water and vapor moisture conditions. Results showed that new void formation at the initial stage and void expansion and coalescing after the initial stage was the essential reason for the F-T failure of asphalt mixtures with the water condition. New void formation at the asphalt-aggregate interface was the major factors that controlled the F-T damage in the humid environment. The next step of this study is to establish the equation of F-T damage of asphalt mixture under water and vapor moisture conditions based on information entropy. It is hoped that it can be used to quantitatively appraise the degree of F-T damage in asphalt mixtures and provide some reference.
